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Abstract 
The quasi-multilayered films consisting of YBa2Cu3Oy layers with BaSnO3 nano-rods and pseudo-layers of Y2O3 were prepared 
using a multilayering process in a PLD method, in order to investigate the influence of the spatial distribution of Y2O3 nano-dots on 
the hybrid flux pinning. The additional doping of Y2O3, however, hardly contributed to the flux pinning at higher temperature, 
probably due to Y2O3 nano-dots in small size in this work. At lower temperature, on the other hand, all the multilayered films show 
higher critical current density Jc than the film only with BaSnO3 nano-rods in a wide range of magnetic field orientations centered at 
B || ab. In particular, more flat angular dependence of Jc at low magnetic field around B || ab was found for the multilayered film with 
Y2O3 nano-dots more distributed in the out-of-plane direction. For B || c, by contrast, the magnetic field dependence of Jc was more 
weakened for the multilayered film with more correlated row of Y2O3 nano-dots along the in-plane direction.  
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1. Introduction 
For flux pinning in high-Tc superconducting materials of REBa2Cu3Oy (REBCO, RE: rare earth elements), one-
dimensional (1D) pinning centers (PCs), which are line-like defects such as dislocations and columnar defects (CDs), 
are considerably effective to interrupt motions of flux lines when the magnetic field is applied along the direction of the 
1D-PCs. In fact, nano-rods composed of self-assembled stacks of BaMO3 (M = Zr, Sn, Hf, etc.) [1, 2] are used as 
practical 1D-PCs for the development of REBCO-based coated conductors nowadays.  
In the flux pinning by 1D-PCs, however, there are three weak-points that must be kept in mind when attempting to 
improve overall critical current density Jc. Firstly, flux pinning by 1D-PCs is substantially weakened when a magnetic 
field is inclined off the direction of 1D-PCs. Secondly, Jc for B || ab often falls well below that for B || c when 1D-PCs 
are installed along the c-axis [3]. Finally, 1D-PCs might not fully utilize the strong flux pinning because flux pinning by 
1D-PCs is accompanied by the formation of double kinks between adjacent 1D-PCs due to thermal fluctuation, which 
induces a movement of flux lines to the next 1D-PC with no energy barrier [4].  
To customize flux pinning by 1D-PCs to overcome these weak-points, an additional introduction of 3D-PCs, which 
provide hybrid flux pinning by the combination of 1D- and 3D-PCs, has been attempted in recent years [5-7]. For  
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Fig. 1. Schematic picture of multilayered films consisting of YBa2Cu3Oy layers with BaSnO3 nano-rods and pseudo-layers of Y2O3, in which thickness 
of an YBCO layer and the amount of Y2O3 deposition per layer are varied.  
the hybrid flux pinning, 3D-PCs are expected to act as offsetting the three weak-points in 1D-PCs. Firstly, the isotropic 
pinning of 3D-PCs would prevent the motion of flux lines for magnetic fields tilted off the direction of 1D-PCs. 
Secondly, the preferential direction along the ab-plane can be also attached to the flux pinning of 3D-PCs when quasi- 
multilayered films consisting of REBCO layers and pseudo-layers of a second-phase material are prepared [9]. 
Finally,3D-PCs residing between 1D-PCs would suppress the motion of double kinks of flux lines [9]. As suggested by 
the second- and the third-assist effects of 3D-PCs, an optimal control of the spatial distribution of 3D-PCs might be one 
of key factors to make the most of a potential for the hybrid flux pinning. 
In this work, quasi-multilayered films consisting of YBa2Cu3Oy layers with BaSnO3 nano-rods and the pseudo layers 
of Y2O3 were fabricated using a multilayering process in a pulsed laser deposition (PLD) method. This enables us to 
distribute Y2O3 nano-dots spatially from the out-of-plane direction to the in-plane direction in a film with BaSnO3 nano-
rods (i.e. a random distribution over the film or a correlated row along the in-plane direction, as shown in Fig. 1), and to 
investigate the influence of the spatial distribution of 3D-PCs on the hybrid flux pinning.  
2. Experimental details 
The quasi-multilayered YBCO films consisting of YBa2Cu3Oy layers with BaSnO3 nano-rods and pseudo-layers of 
Y2O3 were fabricated on a SrTiO3 substrate by the PLD technique alternating a 3.0 vol.% BaSnO3 doped YBCO target 
and a Y2O3 target. A KrF excimer laser with a laser energy density of 1 J/cm2 was used to deposit the films. The 
repetition rate of the laser was 5 Hz for the deposition of YBCO layers with BaSnO3, while pseudo-layers of Y2O3 were 
deposited at 1 Hz. During the deposition, the substrate was heated at 790 °C and the oxygen partial pressure was 300 
mTorr. After the deposition, the films were cooled down naturally from 790 °C to 500 °C and from 200 °C to room 
temperature in 600 Torr oxygen, while the cooling rate was controlled at 10 °C/min from 500 °C to 200 °C.  
A series of quasi-multilayered films studied in this work is listed in Table 1. We refer to a multilayering film as Y(m, 
n), where m and n denote the number of laser pulse on the Y2O3 target and the total number of Y2O3/YBCO+BaSnO3 
bilayers, respectively. A layer of YBCO + BaSnO3 was always deposited on the top of every multilayered film and the 
total number of laser pulses on the BaSnO3 doped YBCO target was kept constant at 3600 pulses, resulting in the film 
thickness of about 300 nm. Simultaneously, a non-doped YBCO film and an YBCO film doped only with 3.0 vol.% 
BaSnO3 were prepared, which are referred to as N-YBCO and B-YBCO, respectively. In all the multilayered films, a 
total amount of Y2O3 doping was constant, i.e. 100 pulses. Then, the larger the total number of bilayers, n is, the more 
Y2O3 nano-dots are spatially distributed over the film. By contrast, the larger an amount of Y2O3 deposition per layer, m 
is, the more the row of Y2O3 nano-dots are correlated along the in-plane direction (see Fig. 1). Note that the growth of 
BaSnO3 nano-rods would be continuous along the film-thickness direction in such multilayering process, which is 
supported by the reference [10].  
The surface morphology and the crystal structure of the multilayered films were checked using atomic force 
microscopy (AFM) and X-ray diffraction (XRD), respectively. Transport properties were measured using a four probe 
method, where the films were patterned into bridge geometry with about 40 Pm width and 1 mm length using a standard 
photolithography. The value of Jc was defined by electric field criterion of 1 PV/cm. The angular dependence of Jc was  
                                                       Table 1. Samples in this work. 
Sample Number of laser pulse for Y2O3, m 
Number of 
bilayers, n 
Inclusion of 
Y2O3 
Inclusion of 
BaSnO3 
Critical temperature, 
Tc [K] 
N-YBCO - - No No 89.9 
B-YBCO - - No Yes 87.1 
Y(1, 100) 1 10 Yes Yes 87.6 
Y(4, 25) 4 25 Yes Yes 87.0 
Y(10, 10) 10 10 Yes Yes 86.8 
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evaluated as a function of the angle T between the magnetic field and the c-axis, where the magnetic field was always 
applied perpendicular to the direction of the current (the maximum Lorentz force configuration). 
3. Results and discussion 
Fig. 2 shows AFM images of the surface morphology of all the samples to evaluate the influence of the impurity 
doping on the growth of YBCO. For N-YBCO, grains of about 300 nm in size with square-shape can be observed in Fig. 
2 (a). The shape of grains in B-YBCO, on the other hand, differs substantially from N-YBCO, as shown in Fig. 2 (b): 
the inclusion of BaSnO3 induces YBCO grains with the uneven contour. Similar grain structure has been also reported 
in samples with BaZrO3 nano-rods, which is because the impurity such as BaZrO3 would prevent the lateral growth of 
the step edges of REBCO grains [11]. For the multilayered films, the surface molphology is also similar to that of B-
YBCO, while there is little difference in the surface structure among the three multilayered films, as shown in Figs. 
3(c)-(d); the additional inclusion of Y2O3 scarcely affects the surface morphology of BaSnO3 doped YBCO films. In all 
the multilayered films, it was verified from the X-ray I scan peak that BaSnO3 and Y2O3 precipitates grow with a cube-
on-cube and 45q in-plane rotation within the YBCO matrix, respectively (not shown in this paper).  
Fig. 3 shows the angular dependence of Jc at 77.3 K in various magnetic fields. For all the films except for N-YBCO, 
a Jc peak occurs around B || c especially for lower magnetic fields, suggesting that correlated pinning probably due to 
BaSnO3 nano-rods dominates around T = 0q. The values of Jc around T = 0q for all the doped samples except for 
Y(4,25) are higher than that of N-YBCO, while the Jc peak of any multilayered film does not exceed that of B-YBCO. 
That is, the additional inclusion of Y2O3 seems to provide the negative effect on Jc around B || c, instead of the hybrid 
effect for the flux pinning. For B || ab, on the other hand, the values of Jc for all the doped films considerably fall below 
that of N-YBCO at any magnetic field. In addition, there is little difference in the Jc among the doped films, although 
the Jc of Y(10,10), where the row of Y2O3 nano-dots would be more correlated along the in-plane direction, is slightly 
higher than those of the other doped films only at T = 90q. These results suggest that the additional Y2O3 doping is not 
effective for the flux pinning at B || ab as well as B || c for higher temperature region.  
Fig. 4 shows the angular dependence of Jc at lower temperature of 65 K, where point-like PCs are expected to be 
effective. The values of Jc around B || ab are enhanced for all the multilayered films compared to that of B-YBCO. For 
the multilayered films, the Jc peaks centered at T = 90q are much broader as the number of bilayers increases, resulting 
in the higher Jc at the intermediate directions of magnetic field between B || c and B || ab compared to both pure-YBCO 
and BSO-YBCO. This means that Y2O3 nano-dots effectively work as PCs with isotropic flux pinning at lower 
temperature. In contrast, the Jc peak at T = 90q becomes more abrupt with decreasing the number of bilayers. This is 
attributed to the correlated pinning by the row of Y2O3 nano-dots along the in-plane, which work as more effective PCs  
 
 
Fig. 2. AFM images of surface morphology of (a) N-YBCO, (b) B-YBCO, (c) Y(1,100), (d) Y(1,100) and (e) Y(10,10). 
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Fig. 3. Angular dependence of Jc at 77.3 K for various magnetic fields of (a) 1 T, (b) 3 T and (c) 5 T. 
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Fig. 4. Angular dependence of Jc at 65 K for various magnetic fields of (a) 1 T, (b) 3 T, and (c) 5 T. 
when the Y2O3 nano-dots per layer become denser. For B || c, the remarkable enhancement of Jc can be found for all the 
doped films compared to N-YBCO, especially at lower magnetic fields. The improvement of Jc by the additional doping 
of Y2O3, however, cannot be also observed even at lower temperature of 65 K. Furthermore, the multilayered films 
show stronger magnetic field dependence of Jc at T = 0q compared to B-YBCO. Note that the magnetic field 
dependence of Jc for Y(10,10) is relatively weaker compared to the other multilayered films. As a larger number of 
Y2O3 nano-dots between nano-rods are distributed along the in-plane direction for Y(10,10), the Y2O3 nano-dots could 
trap more flux lines in higher magnetic field parallel to the c-axis, where flux lines outnumber the nano-rods.  
As shown in Fig. 3 and Fig. 4, the positive effect of the additional doping of Y2O3 on the Jc properties cannot be 
found at both high and low temperatures, especially for B || c. One reason is that the growth temperature might not be 
higher enough to grow nano-dots in larger size [12]. This is also suggested by the AFM observation for the surface 
morphology of the multilayered films, where the influence of the additional Y2O3 doping is scarcely visible. The 
smaller nano-dots hardly act as effective PCs especially at higher temperature such as 77.3 K. Another possible reason 
is that nano-rods for the multilayered films might be largely dispersed in the direction, which might be induced by the 
disturbance of BaSnO3 nano-rods due to the existence of Y2O3 nano-dots. Such nano-rods could not act as c-axis 
correlated PCs effectively, resulting in the decline of the Jc centered at T = 0q in spite of the additional doping of Y2O3. 
The existence of direction-dispersed nano-rods is suggested by the Jc peak with more round head at T = 0q for the 
multilayered films [13]. Such direction-dispersed 1D-PCs also induce the rapid reduction of Jc around B || c with 
increasing magnetic field [14], which can be observed for the comparison between B-YBCO and the multilayered films. 
This implies that tuning of the direction-dispersion of 1D-PCs might be also effective access in optimizing the hybrid 
flux pinning, in addition to the control of the size and the spatial distribution of 3D-PCs. 
4. Conclusions 
We investigated the influence of spatial distribution of 3D-PCs on the angular dependence of Jc in YBCO films with 
1D-PCs by using multilayered films including BaSnO3 and Y2O3. In this work, the size of Y2O3 nano-dots is speculated 
to be small probably due to the low growth temperature. Hence, the additional doping of Y2O3 hardly affected the Jc 
properties at higher temperature. At lower temperature, on the other hand, the Jc peaks centered at T = 90q were much 
broader as the number of bilayers increases, resulting in the improvement of Jc at the intermediate directions of 
magnetic field between B || c and B || ab compared to the films without Y2O3. For B || c, by contrast, weaker magnetic 
field dependence of Jc was observed for the film with Y2O3 more localized along the in-plane direction.  
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